1. Introduction
===============

Papillomaviruses (PVs) are non-enveloped, double-stranded DNA viruses that infect keratinocytes and lead to benign and malignant tumors. Over 270 types of PVs have been discovered in various host species including mammals, reptiles, and birds ([@vev015-B61]). It is believed that PVs have evolved for hundreds of millions of years and successfully established the largest and most diversified family of vertebrate viruses.

Of about 180 different types of human papillomaviruses (HPVs) identified so far, high-risk genotypes such as HPV16 and HPV18 are causally associated with multiple human cancers including cervical and head and neck cancers. All high-risk HPV types are classified in a single genus, *Alphapapillomaviridae*, which diverged from a common ancestor about 75 million years ago ([@vev015-B52]; [@vev015-B60]). This implies that the *Alphapapillomaviruses* (alpha-PVs) diverged well before the emergence of *Homo sapiens* in the primate lineage ([@vev015-B60]; [@vev015-B47]). However, little is known about factors contributing to PV evolution ([@vev015-B60]; [@vev015-B4]).

The apolipoprotein B mRNA-editing, enzyme-catalytic, polypeptide-like 3 (APOBEC3) family of proteins have recently been discovered as host restriction factors against various viruses and endogenous retroelements ([@vev015-B54]; [@vev015-B70]; [@vev015-B3]; [@vev015-B25]; [@vev015-B56]; [@vev015-B48]; [@vev015-B34]; [@vev015-B39]). APOBEC3 proteins deaminate cytosine (C) residues to uracil (U) in single-stranded DNA ([@vev015-B67]; [@vev015-B11]). These mutations can lead to defects in gene transcription, genome replication and chromosomal integration thereby restricting the viral lifecycle. Of the multiple potential targets of human APOBEC3 (hA3), retroviruses, endogenous retroelements, DNA viruses and surprisingly, host genomic DNA, have been identified as common substrates ([@vev015-B21]; [@vev015-B58]; [@vev015-B17]; [@vev015-B3]; [@vev015-B8]; [@vev015-B6]; [@vev015-B6]).

The human and non-human primate APOBEC3 family consists of seven members (A3A, A3B, A3C, A3D, A3F, A3G, and A3H), while other mammals encode fewer isoforms ([@vev015-B26]; [@vev015-B42]; [@vev015-B33]). Substrate specificity varies amongst the seven hA3 family members with each having slightly different target sequences based on the dinucleotide context of the cytosine residue ([@vev015-B70]; [@vev015-B25]; [@vev015-B51]; [@vev015-B35]; [@vev015-B67]; [@vev015-B27]; [@vev015-B44]). In addition to differences in dinucleotide preferences, hA3s differ in their subcellular distribution during interphase and mitosis ([@vev015-B32]). These differences in localization impact the class of virus targeted by a particular hA3. For example, the predominantly cytoplasmic hA3F and hA3G are important inhibitors of productive replication of viruses whose replication cycle proceeds through obligatory reverse transcribed cDNA intermediates ([@vev015-B58]; [@vev015-B11]; [@vev015-B13]). In contrast, genetic editing of DNA viruses by nuclear hA3s (hA3A, hA3B, and hA3C) has been reported ([@vev015-B8]; [@vev015-B62]; [@vev015-B56]; [@vev015-B32]; [@vev015-B63]).

It has been demonstrated that episomal HPV genomes are edited by hA3A and hA3B in cervical lesions and keratinocytes ([@vev015-B62]; [@vev015-B63]). Recent work by us and others revealed that HPV induced hA3A expression restricts HPV16 infectivity in human keratinocytes ([@vev015-B40]; [@vev015-B64]). If deamination by hA3s represents a bona fide host restriction mechanism, PVs may have evolved to limit APOBEC3 recognition motifs in their genomes through mutation and selection. Thus, we hypothesized that the host restriction function of APOBEC3 proteins contributed to PV genome evolution by selecting for depletion of specific dinucleotide sequences within PV genomes. To test this hypothesis, the relative abundance of dinucleotide sequence patterns in the full genome sequences of all known PVs was analyzed.

In this study, we investigated the link between APOBEC3 expression levels, tissue tropism of various HPV genotypes, and the extent of dinucleotide depletion in PV genomes. We propose a novel model suggesting that PV types replicating in tissues with high APOBEC3 levels have evolved to evade host restriction by selecting for variants containing reduced APOBEC3 target sites in their genomes. Our results provide important insight into the role of host restriction factors during PV evolution.

2 Materials and methods
=======================

2.1 Papillomavirus genomes
--------------------------

We retrieved full-length reference sequences of all 274 PV types archived in the PV database (PaVE; pave.niaid.nih.gov, accessed on 1 August 2014).

2.2 Calculation of dinucleotide frequencies
-------------------------------------------

Dinucleotide frequencies were determined using three complementary approaches. First, in order to determine a single observed vs. expected (O/E) dinucleotide ratio across the entire viral genome, a custom python script was used (available from a public computer code repository \[<http://www.github.com/Van-Doorslaer/Warren-et-al>.\]). The script uses the CompSeq program from Emboss. The expected frequencies of dinucleotide 'words' were estimated based on the observed frequency of single bases in the sequences. Alternatively, to assess local differences in dinucleotide content across the length of the viral genome, the frequency of each motif was counted within a 1 kb sliding window with a 100 bp overlap ([@vev015-B39]). In order to generate a null model, the word occurrence was enumerated in 1,000 randomly shuffled versions of each 1 kb window. If the actual frequency fell within the lowest or highest fifth percentile, the word was considered to be under- or over-represented, respectively. The data are presented as percent 1 kb windows that fall in each category. Finally, the above-mentioned CompSeq based approach does not control for potential effects of coding restraints. To analyze this, the E1, E2, L1, and L2 ORFs were concatenated and the occurrence of each dinucleotide was counted in relationship to the position in a triplet (for coding sequences this triplet equals a codon). As a control, the non-coding upstream regulatory region (URR) was analyzed. In order to obtain the expected distribution, the sequences were randomly shuffled and dinucleotides were counted as earlier. This process was repeated 1,000 times.

2.3 Tissue-specific gene expression analysis
--------------------------------------------

Correlation of tissue-specific APOBEC3 gene expression analysis was performed using publicly available RNAseq data from the Genotype-Tissue Expression (GTEx) project (gtexportal.org) ([@vev015-B36]). DESeq2 (v 1.6.3) in R (v 3.1.0) was used for analysis of differentially expressed genes using DESeq2's negative binomial distribution analysis model ([@vev015-B37]).

2.4 Statistical analysis
------------------------

Student's *t* test and one- or two-way analysis of variance (ANOVA) were used where appropriate. Data are presented as box-and-whisker plots with Tukey's method for outliers noted as distinct data points. All graphs were generated using Prism software. Results were considered statistically significant at a *P*-value of \<0.05.

2.5 Phylogenetic analysis
-------------------------

The E1, E2, L1, and L2 sequences from 274 PVs were downloaded from PaVE. The nucleotide sequences were translated into amino acids and aligned using the MAFFT algorithm ([@vev015-B30]). The resulting alignment was back translated to nucleotides. The individual gene alignments were concatenated into a single supermatrix. A maximum likelihood tree was constructed using RaxML ([@vev015-B55]) implementing a gamma model allowing for among-site rate variation and variable substitution rates GTR + I + G; model selected using jModeltest ([@vev015-B14]). The phylogenetic tree shown in [Figure 3](#vev015-F3){ref-type="fig"} was annotated using EvolView ([@vev015-B69]). All computational analyses were performed on the CIPRES Science Gateway ([@vev015-B38]).

2.6 Ancestral state reconstruction
----------------------------------

The E1, E2, L1, and L2 nucleotide sequences belonging to the alpha, omega, upsilon, omicron, and dyodelta-PV genera were downloaded from PaVE. The nucleotide sequences were translated into amino acids and aligned using the MAFFT algorithm ([@vev015-B30]). The resulting alignment was reverse translated to nucleotides. Aligned sequences were concatenated and the resulting supermatrix was used to estimate a Bayesian phylogenetic tree using MrBayes (version 3; Cipres science gateway) implementing a GTR + I + G model of evolution. The MCMC-chain length was set to 1 × 10^7^ while the chain was sampled every 1,000th generation. Chain convergence was analyzed using AWTY ([@vev015-B46]). Bovine papillomavirus type 1 (BPV1), a member of the *Deltapapillomavirs* genus, was used to root the phylogenetic tree. [Figure 5](#vev015-F5){ref-type="fig"} shows the majority rule tree. Ancestral states were estimated using a Bayesian approach within BayesTraits ([@vev015-B1]). The applied General Least squares approach removes the need for phylogenetic correction when comparing continuous traits between evolutionarily related species. Furthermore, in order to account for phylogenetic uncertainty during the tree building process, 500 trees were randomly sampled from the post-burn-in posterior sample of MrBayes trees and used for further analysis. Within BayesTraits, the MCMC analysis was run for 1 × 10^9^ iterations. After a burn-in of 1 × 10^6^ iterations, the chains were sampled every 10,000th iteration. The alpha (estimated root of the tree) and beta (directional change parameter of the directional model) parameters were estimated based on a uniform prior distribution. BayesTraits keeps a running tally of the logarithm of the harmonic mean of the likelihoods. When the analysis is completed, the final harmonic means for both models are compared using Bayes Factors (logBF = 2 (log\[harmonic mean(complex model)\]--log\[harmonic mean(simple model)\]). Kappa, lambda, and delta scaling parameters were estimated under both the 'random walk' and 'directional walk' models ([@vev015-B50]). These parameters test the tempo, mode, and phylogenetic associations of trait evolution, respectively. Following selection of appropriate model parameters, these parameters were used to estimate ancestral TC O/E ratios at indicated nodes. To confirm the robustness of the results, the analysis was performed three independent times.

3 Results
=========

3.1 TC dinucleotides are significantly depleted in PV genomes
-------------------------------------------------------------

To determine whether there are preferred dinucleotide sequence patterns in PV genomes, we analyzed the relative abundance of all possible dinucleotide combinations in the full-length genomes of all 274 PVs deposited in the Papillomavirus Episteme database ([@vev015-B61]) (PaVE; pave.niaid. nih.gov; accessed on 1 August 2014). The ratio of observed vs. expected (O/E) counts of all dinucleotides were calculated and this O/E ratio was used to determine whether dinucleotides were over-represented (ratio \> 1), neutral (ratio = 1), or under-represented (ratio \< 1) in these genome sequences. Among all dinucleotide combinations, CG and TC dinucleotides are the most underrepresented dinucleotides in PV genomes ([Fig. 1A](#vev015-F1){ref-type="fig"} and [Supplementary Table S1](http://ve.oxfordjournals.org/lookup/suppl/doi:10.1093/ve/vev015/-/DC1); depletion of the CG or TC dinucleotide compared with any other dinucleotide, *P* \< 0.0001 by two-way ANOVA with Tukey correction). CG depletion has been previously noted for several small DNA viruses ([@vev015-B29]; [@vev015-B24]; [@vev015-B59]), including PVs ([@vev015-B53]). Given that T[C]{.ul} dinucleotides are preferred or specific targets of APOBEC3 DNA editing, these results imply that the PV genomes may be greatly affected by the host restriction functions of APOBEC3. Figure 1.TC and CG dinucleotide sequences are significantly depleted in PV genomes. (A) The observed vs. expected (O/E) ratios of each dinucleotide in PV genome sequences from all PV genotypes (*n* = 274) were calculated using a custom wrapper around the CompSeq program from the EMBOSS software suite. (B) The O/E ratios of TC, CC, AC, and GC dinucleotides, preferred editing sites of A3A, A3G, and AID, respectively, were analyzed with the genome sequences of all PVs (A; *n* = 274) and HPVs (B; *n* = 161). Box-and-whisker plots are shown with the outliers (black triangles) identified using Tukey\'s method. CG and TC dinucleotide are the most depleted cytidine containing dinucleotides in all PVs and HPVs (depletion of CG or TC compared with depletion of any other dinucleotide, *P* \< 0.0001 by two-way ANOVA with Tukey correction).

Each APOBEC3 family member preferably targets different dinucleotide sequences for cytidine deamination. For example, the T[C]{.ul} dinucleotide is preferably targeted by A3A, A3B, A3C, A3F, and A3H ([@vev015-B35]; [@vev015-B67]; [@vev015-B70]; [@vev015-B25]; [@vev015-B44]), while C[C]{.ul} and R[C]{.ul} (where R represents any pyrimidine) dinucleotides are preferably deaminated by A3G ([@vev015-B27]) and AID ([@vev015-B51]), respectively. Interestingly, among cytidine-containing dinucleotides, only CG and TC residues are significantly depleted in all papillomavirus genomes, including HPVs ([Fig. 1A--C](#vev015-F1){ref-type="fig"} and [Supplementary Fig. S1](http://ve.oxfordjournals.org/lookup/suppl/doi:10.1093/ve/vev015/-/DC1); *P* \< 0.0001 by two-way ANOVA with Tukey correction). Among the APOBEC3 family members preferably editing TC dinucleotides, hA3A, hA3B, and hA3H are known to restrict DNA viruses including HPVs and herpesviruses ([@vev015-B62]; [@vev015-B56]; [@vev015-B39]; [@vev015-B64]). Therefore, these results suggest that TC depletion may be influenced by host restriction factors, A3A, A3B, and/or A3H.

3.2 APOBEC3 family members are differentially expressed at mucosal and cutaneous sites.
---------------------------------------------------------------------------------------

HPVs can roughly be categorized into two groups based on tissue tropism, those that infect cutaneous skin, which mainly include beta- and gamma-PVs, and those that infect the mucosa, which predominantly include alpha-PVs ([@vev015-B15]). Because TC depletion is significant amongst all HPV types, we sought to determine whether the expression levels of all human APOBEC3 family members differed in mucosal vs. cutaneous skin. RNA sequencing data from the GTEx project ([@vev015-B36]) was used to compare the expression levels of each human APOBEC3 gene in cervix and vagina to cutaneous skin using DESeq2 ([@vev015-B37]). Of note, no strong evidence of potential batch effects was observed from PCA plots and hierarchical clustering. High APOBEC3 expression was observed for all isoforms, except A3B, when mucosal tissues (cervix and vagina) were compared with cutaneous skin ([Fig. 2A and B](#vev015-F2){ref-type="fig"}). Figure 2.The expression levels of APOBEC3s are different between cervicovaginal and cutaneous skin. (A) Gene expression levels of APOBEC3s were analyzed using RNA sequencing data retrieved from the Genotype-Tissue Expression project database (gtexportal.org) ([@vev015-B36]) and analyzed using DESeq2. Data are presented as fold change in cervix (*n* = 6) or vagina (*n* = 34) compared with cutaneous skin (*n* = 41). (B) Table showing the fold change and *P*-values adjusted for repeated measurements. Figure 3.TC content is significantly lower in alpha-PVs, compared with beta- and gamma-PVs. The O/E ratios of TC (A) and CG (B) dinucleotides were compared between alpha- (*n* = 64), beta- (*n* = 44), and gamma- (*n* = 50) HPVs. Box-and-whisker plots are shown with the outliers (black triangles) identified using Tukey's method. *P-*values were determined by one-way ANOVA analysis using Prism software. (C) A maximum likelihood phylogenetic tree is shown comparing the O/E ratios of TC dinucleotides from all PV genomes (*n* = 274). The alpha-, beta-, and gamma-PV genera are indicated. Bars indicate percent of 1 kb windows in which TC is under-represented (green), overrepresented (light green), and neutral (pink). Details are available in 'Materials and Methods' section.

3.3 TC content is significantly lower in alpha-PVs, compared with beta- and gamma-PVs
-------------------------------------------------------------------------------------

Gene expression analysis revealed increased basal expression of APOBEC3 family members at mucosal sites when compared with cutaneous skin. Because increased basal APOBEC3 expression may pose an intrinsic barrier to viral infection, it is likely that PVs infecting these tissues would evolve to evade APOBEC3 restriction pressure. Thus, we hypothesized that the TC content in mucosotropic PVs would be significantly lower than PVs with a cutaneous tropism. The TC dinucleotide ratio in the genomes of human alpha- (*n* = 64), beta- (*n* = 44), and gamma- (*n* = 50) PVs was calculated as described earlier. Notably, TC dinucleotides are significantly depleted in the genomes of alpha-PVs (mean O/E ratio \<0.6), compared with the TC contents of beta- and gamma-PVs (mean O/E ratio \>0.8) ([Fig. 3A](#vev015-F3){ref-type="fig"}). In contrast, all three genera contain similar levels of CG dinucleotides ([Fig. 3B](#vev015-F3){ref-type="fig"}). The distinct pattern of TC depletion in alpha-PVs becomes apparent when mapped on a PV phylogenetic tree ([Fig. 3C](#vev015-F3){ref-type="fig"}). These results suggest that high basal expression of APOBEC3s at mucosal sites may have affected the evolutionary trajectory of the alpha-PV clade.

Although alpha-PVs are primarily mucosotropic, a subset is known to infect cutaneous skin ([@vev015-B15]). If higher APOBEC3 levels affect the genomic TC content, mucosotropic alpha-PVs should have decreased TC ratios when compared with cutaneotropic alpha-PVs. When HPVs were stratified by tissue tropism, significantly lower TC contents were observed in mucosal alpha-HPVs compared with cutaneous alpha-HPVs ([Fig. 4A](#vev015-F4){ref-type="fig"}; [Supplementary Table S2](http://ve.oxfordjournals.org/lookup/suppl/doi:10.1093/ve/vev015/-/DC1)). A similar analysis of primarily cutaneous gamma-HPVs and their nearest neighbors (pi, tau, and dyoxi-PVs) revealed no differences in TC O/E ratios suggesting a specific effect of mucosal tropism on TC depletion ([Fig. 4B](#vev015-F4){ref-type="fig"}). Interestingly, a few gamma-PVs (including HPV101, 103, and 108) that have been isolated from cervical lesions also show significant depletion of TC dinucleotides ([Fig. 3C](#vev015-F3){ref-type="fig"}). This further supports an effect of tropism on TC dinucleotide content ([@vev015-B9]; [@vev015-B45]). This analysis was based on available clinical data ([@vev015-B15]) and the tropism of many PVs is not yet clear. Taken together, our results suggest that one or more APOBEC3 family members that are highly expressed in mucosal tissues may have driven genome evolution of alpha-PVs. Figure 4.Extensive TC dinucleotide depletion in mucosal alpha-HPVs. The O/E ratios of TC dinucleotides in PV genomes were analyzed with genome sequences of (A) nearest genera to alpha-HPVs (one omega, seven upsilon, four omikron, two dyodelta, and one unclassified PVs; *n* = 15), cutaneous alpha-HPVs (*n = 13*), and mucosal alpha-HPVs (*n = 30*); and (B) nearest genera to gamma-HPVs (six pi, one dyoxi, three tau, and two unclassified PVs; *n* = 12) and cutaneous gamma-HPVs (*n = 7*). Box-and-whisker plots are shown. *P*-values were calculated by Student's unpaired, two-tailed *t*-test. \**P* \< 0.0001, ns, not significant. Figure 5.TC depletion represents an apomorphy of the alpha-PVs. (A) The Bayesian phylogenetic tree is constructed based on a concatenated E1-E2-L2-L1 nucleotide sequence alignment. The majority-rule consensus phylogenetic tree shows the evolutionary relationship between the alpha-PVs and the members of the omega, upsilon, omicron, and dyodelta-PV genera. BPV1, a delta-PV was used to root the tree. The solid branches indicate the optimized branch lengths. Dotted lines were added to the branches to facilitate visual inspection of the tree. The alpha-PV clade is highlighted in red. Posterior probability values are indicated using symbols at the nodes (circle = 1, diamond \> 0.90, square \> 0.80). The nodes for which the ancestral states were estimated are indicated in the figure. (B) Table showing the average (and SD) of the estimates for the ancestral TC ratios at the indicated nodes. The reconstruction process was repeated three times to ensure repeatability.

3.4 TC depletion represents an apomorphy of alpha-PVs
-----------------------------------------------------

Our results point towards a role for the APOBEC3 proteins in the evolution of the alpha-PV genus. However, it remains possible that low TC content was a characteristic of the most recent common ancestor (MRCA) of alpha-PVs. In this case, a founder effect may be responsible for the TC contents we observe in extant members, rather than specific APOBEC3 effects. To address this issue, thorough evolutionary trait analysis was performed to model the evolution of the TC O/E ratios and reconstruct the ancestral alpha-PV genomes.

The alpha-PV genus forms a monophyletic clade with the omega, upsilon, omicron, and dyodelta-PV genera ([Fig. 3C](#vev015-F3){ref-type="fig"}) ([@vev015-B60]). [Figure 5](#vev015-F5){ref-type="fig"} shows the evolutionary relationship within this monophyletic clade. The computer program Continuous, as implemented within BayesTraits, was used to model the evolution of the TC O/E ratio. This approach allows for the characterization of trait evolution while automatically correcting for the influence of phylogenetic signal ([@vev015-B49], [@vev015-B50]). These analyses indicate that the TC O/E ratio evolved according to a directional-random walk model (Bayes Factor \>12). Furthermore, the Delta parameter was estimated to be significantly \<1, indicating that adaptive radiation best explains the extant O/E ratios. This suggests that the initial TC depletion occurred rapidly, followed by slower rates of change among closely related species. Additionally, this approach allows for the estimation of ancestral states at important nodes of the phylogenetic tree ([Fig. 5A](#vev015-F5){ref-type="fig"}). The ancestral state reconstruction suggests that the MRCA of the alpha, omega, upsilon, omicron, and dyodelta-PV clades had a TC O/E ratio of 0.78 ([Fig. 5B](#vev015-F5){ref-type="fig"}). Likewise, the last common ancestor of the alpha-PV genus had a TC O/E ratio of 0.79. Therefore, the MRCA of the alpha-PVs is predicted to have a TC O/E ratio that is significantly higher than the extant members of this genus. Thus, the predicted rapid TC depletion must have occurred after the alpha-PVs began to diverge. Importantly, this provides strong evidence that TC depletion is unique to alpha-PVs and begins to illuminate the evolutionary path responsible for TC depletion.

3.5 APOBEC3 mediated editing directly affects Alphapapillomavirus evolution
---------------------------------------------------------------------------

It appears that the TC O/E ratios in alpha-PV genomes are dramatically lower when compared with other viral genera. Next, we determined whether APOBEC3 actively edited viral genomes. APOBEC3 deamination of TC residues can result in C-to-T transitions or C-to-G transversions that, when fixed in the viral genome, would increase the overall TT or TG content, respectively ([@vev015-B67]; [@vev015-B10]; [@vev015-B20]). Although many mutations will be deleterious to the virus ([@vev015-B66]; [@vev015-B19]), some of these mutations will be neutral or may even increase viral fitness ([@vev015-B41]; [@vev015-B27]; [@vev015-B65]; [@vev015-B31]). If APOBEC3 driven deamination events became fixed in the viral population, this should be reflected in a relative gain of the O/E ratios of TT or TG dinucleotides. Alternatively, if mutation followed by selection was responsible, any mutation disrupting the TC recognition motif would be selected for. Although alpha-HPV genomes are not enriched for TT dinucleotides (O/E ratio ∼1), TG dinucleotides (and CA on the opposite strand) are the most over-represented dinucleotides ([Fig. 6A](#vev015-F6){ref-type="fig"}; increase of TG or CA dinucleotide compared with increase of any other dinucleotide, *P* \< 0.0001 by two-way ANOVA with Tukey correction). No significant differences were noted between TG and CA using this analysis (*P = *0.87). Additionally, GA dinucleotides (TC counterpart on negative strand) are also depleted in alpha-PVs thus suggesting that APOBEC3 effects are observed on both strands. These data suggest that TC depletion might in part be driven by APOBEC3-mediated deamination. Figure 6.Depletion of TC dinucleotides is associated with amino acid coding potential. (A) The O/E ratios of each dinucleotide in alpha-HPV (*n* = 64) genome sequences was calculated as described in [Figure 1A](#vev015-F1){ref-type="fig"}. (B) E1, E2, L1, and L2 sequences from alpha-HPVs were concatenated as described in 'Materials and Methods' section. The O/E ratios of TC dinucleotides at various codon positions were calculated as described in 'Materials and Methods' section. N represents any of T, C, A, or G. (C) The TC O/E ratios at NNT [C]{.ul}NN, T[C]{.ul}N, and NT[C]{.ul} in the URR were calculated as a noncoding control. Box-and-whisker plots are shown with the outliers (black triangles) identified using Tukey's method. CA and TG dinucleotides are the most over-represented dinucleotides, while NT[C]{.ul} cytidines are significantly depleted in alpha-PVs. *P* \< 0.0001 by two-way ANOVA analysis with Tukey correction.

3.6 Effects of coding potential on TC depletion
-----------------------------------------------

Roughly 85% of the PV genome encodes for viral proteins. The previous analyses considered dinucleotide ratios for the whole viral genome, regardless of coding potential. If APOBEC3 mediated editing affected PV evolution, it is likely that TC content is correlated with the codon position of the cytidine (NNT [C]{.ul}NN vs. T[C]{.ul}N vs. NT[C]{.ul} with N representing any nucleotide). Strikingly, it appears that TC reduction is most pronounced when the cytidine is in the third codon position (NT[C]{.ul} O/E \<0.5; *P* \< 0.0001 by two-way ANOVA with Tukey correction) ([Fig. 6B](#vev015-F6){ref-type="fig"}). Importantly, this NT[C]{.ul} bias is not seen in the non-coding URR ([Fig. 6C](#vev015-F6){ref-type="fig"}). Because cytidine is at the third position of these codons, substitution of cytidine in any NT[C]{.ul} codon does not incur any significant change in the corresponding amino acid during protein synthesis ([@vev015-B2]). These results suggest that APOBEC3 editing primarily resulted in silent and/or conserved mutations.

**3.6TC dinucleotides are dramatically depleted in the early gene regions for** alpha-PVs
-----------------------------------------------------------------------------------------

To examine if there was any bias for TC dinucleotide reduction in particular regions within alpha-PV genomes, the TC O/E ratio was calculated using a sliding window approach (a 1,000 bp window with a 100 bp overlap between two windows). [Figure 7A](#vev015-F7){ref-type="fig"} compares genomic TC content across all alpha-and beta-PVs. The alpha-PV genomes have a lower TC ratio across the early gene regions of the viral genome ([Fig. 7B](#vev015-F7){ref-type="fig"}). Figure 7.The E1 and E2 gene regions of alpha-PV genomes are the most significantly depleted sites for TC dinucleotides. (A) TC O/E ratios were calculated in 1 kb scanning windows using the CompSeq program as described in 'Materials and Methods' section. All alpha- (*n* = 77) and beta-PVs (*n* = 49) genomes were included. Each window represents 1,000 kb with a 100 bp step between two windows. The viral genomes were linearized in such a way that the first nucleotide corresponds to the first nucleotide following the L1 stop codon. (B) Genome maps of HPV16 and HPV5, adapted from PaVE, show the various ORFs and URR for representative alpha- and beta-PVs, respectively.

4 Discussion
============

PV infections have been described in most amniotic hosts. Interestingly, these infections appear to be tissue specific and show a highly restricted host range. Based on these observations, it has been suggested that PVs co-speciate with their hosts ([@vev015-B60]). To date, limited evidence exists supporting positive selection of PV genomes ([@vev015-B60]), suggesting that genetic drift is the primary driving force of PV evolution. However, most studies have investigated the role of evolution in shaping individual viral proteins, not taking into account possible evolutionary selection working at the primary nucleotide level. This study was undertaken to survey extant genomes of all known PVs and to investigate a potential role for APOBEC3-mediated restriction in the evolution of these viruses.

Viral genomes are frequently targeted by host restriction factors such as restriction nucleases, RNAi-mediated mechanisms, and DNA editing enzymes such as APOBEC3 and ADAR ([@vev015-B28]). In order to achieve productive infection, viruses need to evade these antiviral host mechanisms. Primate lentiviruses, such as human immunodeficiency virus type 1 (HIV-1), encode multiple viral proteins that antagonize host restriction mechanisms. For example, the HIV-1 accessory proteins Vif and Vpu counteract host restriction by hA3G and tetherin, respectively ([@vev015-B54]; [@vev015-B43]). Likewise, host genomes evolve new restriction mechanisms to detect and eliminate virus infections. Well exemplified by the APOBEC3 genetic locus, host genome evolution alongside constant viral exposure may have selected for beneficial duplication events that increased the number of APOBEC3 genes. A recent study suggests that the APOBEC3 genes might have originated from one ancestral APOBEC3 gene ([@vev015-B42]). During mammalian evolution, APOBEC3 genes evolved by gene duplication, fusions, and losses, probably to adapt to various virus infections. It is likely that this 'arms race' has been indispensible in shaping both viral and host genomes ([@vev015-B16]).

Although viral regulatory proteins may be purposed to antagonize host restriction factors, viruses may also develop more subtle ways to subvert host recognition and restriction mechanisms. We and others have previously shown that HPV infection is restricted by hA3A and that HPV genomes show signs of APOBEC3 hypermutation ([@vev015-B62]; [@vev015-B63]; [@vev015-B64]). Given that APOBEC3s would pose a significant barrier to HPV infection, we sought to investigate how PVs may have evolved to evade APOBEC3 restriction.

Here, our study provides evidence that PV genomes are significantly depleted in TC dinucleotides, the preferred target sites of several APOBEC3 proteins. Although all PV genomes have decreased TC content, this depletion is strongest in mucosotropic alpha-PVs ([Figs. 3A](#vev015-F3){ref-type="fig"} and [4A](#vev015-F4){ref-type="fig"}). Importantly, gene expression data clearly shows significantly higher expression levels of all APOBEC3 isoforms (except A3B) in mucosal skin of cervix and vagina, compared with cutaneous skin ([Fig. 2A and B](#vev015-F2){ref-type="fig"}). This suggests that increased APOBEC3 expression in these tissues may have affected the evolution of a subset of viral genomes.

APOBEC3-mediated TC deamination is correlated with TT and/or TG mutational signatures in tumor tissues ([@vev015-B44]). These mutational signatures arise from distinct pathways, thus providing clues into the mechanism of deaminated cytosine processing. Although C-to-T transitions may result from error prone DNA replication across uracil lesions, C-to-T transversions largely result from errors incurred during base excision repair (BER) pathways ([@vev015-B44]; [@vev015-B23]). TC depletion led to an increase in TG (and CA on the opposite strand), but not TT dinucleotides in alpha-PVs. This suggests that APOBEC3-mediated deamination, coupled with BER, may have partially contributed to alpha-PV genome evolution ([Fig. 6A](#vev015-F6){ref-type="fig"}).

Although alpha-PVs appear to have minimized the TC O/E ratio across their genome ([Fig. 7](#vev015-F7){ref-type="fig"}), further analysis of coding regions revealed that TC depletion is dependent on the position of cytidine within a codon ([Fig. 6B and C](#vev015-F6){ref-type="fig"}). This analysis suggested that while alpha-PV genomes are able to tolerate NT[C]{.ul} mutations, there was no decrease in T[C]{.ul}N or NNT [C]{.ul}NN sites. This is likely due to the degenerate nature of the genetic code ([@vev015-B2]). Interestingly, it has been demonstrated that HPV genomes have a pronounced codon usage bias when compared with host genes ([@vev015-B5]; [@vev015-B12]; [@vev015-B18]). This study may begin to shed light unto why papillomavirus genomes have evolved to use sub-optimal codons. Importantly, the observation that the third codon position is preferentially edited, suggests that these genomes are expected to still be vulnerable to APOBEC3 restriction because mutations would lead to changes in the amino acid sequence.

In addition to TC depletion, we also observed a significant reduction in CG dinucleotides in all PVs surveyed. This finding is consistent with others that have reported a significant depletion in CG residues across many small (\<30 kb) DNA virus genomes ([@vev015-B29]; [@vev015-B24]; [@vev015-B59]). Previous work suggests that 5-methylcytosine modifications can negatively influence gene expression and lead to mutation via spontaneous deamination, both of which would negatively impact the course of a viral infection ([@vev015-B29]). Additionally, TLR9 recognition of CG motifs in viral genomes can trigger antiviral immune responses such as production of type I interferons. High-risk HPV16 has previously been shown to inhibit TLR9 expression as a mechanism to avoid innate immune recognition ([@vev015-B22]). Collectively, depletion of CG dinucleotides represents an evolutionarily conserved mechanism to evade innate immune responses.

Although further studies are necessary, our results consistently support a model by which the mucosal niche was colonized by an ancestral virus. Higher APOBEC3 levels in cervical and vaginal tissues resulted in increased editing of viral genomes and selection for those viruses with reduced TC contents. With about 85% of the genome coding for viral proteins, TC depletion appears to have been limited by coding potential. This is predicted by the evolutionary model suggesting that after the TC O/E ratio was minimized, initial rapid evolution was followed by slow drift ([Fig. 5](#vev015-F5){ref-type="fig"}).

In conclusion, our data suggest that viral evasion strategies that select against TC dinucleotides may be an important driver of PV evolution. Furthermore, our findings reinforce that tissue tropism and host range across these, and possibly other DNA viruses, may similarly be affected by interactions with APOBEC3.

Supplementary data
==================

[Supplementary data](http://ve.oxfordjournals.org/lookup/suppl/doi:10.1093/ve/vev015/-/DC1) is available at *Virus Evolution* online.
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